• Deterioration in memory and cognitive abilities in Alzheimer's disease is due, in part, to loss of cholinergic CNS neurons and a deficit of acetylcholine.
• Cholinesterase inhibition is a proven therapeutic target for symptomatic treatment of memory and cognitive deficits in Alzheimer's dementia.
• Despite the strong rational basis for cholinesterase therapy, the approved short acting cholinesterase inhibitors produce disappointingly modest improvements in memory, due, in part, to dose limiting peripheral toxicity (nausea, vomiting and diarrhoea).
WHAT THIS STUDY ADDS
• This study of single and multiple oral doses of methanesulfonyl fluoride (MSF) provides information on the safety, pharmacokinetics and pharmacodynamics of a potential new treatment for Alzheimer's dementia. • This study also provides a method for monitoring the dosing and safety of an irreversible inhibitor through erythrocyte acetylcholinesterase inhibition.
• Unlike the approved short acting inhibitors, MSF exploits the slow de novo synthesis of acetylcholinesterase in the brain vs. peripheral tissues, introducing the next generation of cholinesterase inhibitors with reduced toxicity and heretofore unrealized potential efficacy.
Introduction
It is widely accepted that cognitive deficits in Alzheimer's disease (AD) are due, particularly as far as memory impairment is concerned, to the loss of central cholinergic neurons [1, 2] . The currently approved drugs have not fulfilled expectations, probably because of tolerability issues rather than lack of efficacy [3] . Although CNS acetylcholinesterase (AChE) inhibition may contribute to nausea and vomiting, direct cholinergic overstimulation in peripheral tissues, especially the smooth muscles of the gastrointestinal system, may be preventing adequate dosing with current drugs and thereby limiting the realization of the full benefit of cholinesterase inhibitor (ChEI) therapy. Therefore, a ChEI with exceptional CNS selectivity may produce heretofore unrealized efficacy [4] . An irreversible ChEI has the potential for exceptional selectivity for the CNS, as compared with competitive or pseudo-irreversible inhibitors because the half-time for de novo synthesis of AChE in the CNS is much longer (estimated 12 days) than in the smooth muscle of the gastrointestinal system (estimated 1 day) [5] . Therefore, by administering small doses, appropriately spaced in time (e.g. three times per week), greater AChE inhibition is accumulated and maintained in the CNS than in peripheral tissues. Secondly, such a schedule reduces direct patient exposure to the drug to a period of only several hours 3 days per week, leaving the patients essentially drug free most of the time. Exploiting the fundamental pharmacokinetic and pharmacodynamic advantages of an irreversible ChEI may lead to a leap forward in cholinergic therapy.
Methanesulfonyl fluoride (MSF, SNX-001) is the only truly irreversible ChEI that has been proposed for Alzheimer's therapy. Additionally, the bond between 2,2-dicholorvinyldimethyl phosphate (DDVP), the active metabolite of metrifonate, and the catalytic site of cholinesterase undergoes significant spontaneous hydrolysis, producing inhibition with a half-life of only several hours [6] . Metrifonate development was curtailed because of the appearance of muscular and respiratory paralysis, complications of organophosphate-induced delayed neuropathy [7] . It is important to note that the sulfonyl fluorides, like carbamates (e.g. rivastigmine), do not produce organophosphate-induced delayed neuropathy [8, 9] and specifically MSF, by comparison, does not inhibit the target enzyme associated with this disorder [10] . There is also no spontaneous hydrolysis of the MSF-cholinesterase bond [6] .
MSF was well tolerated in a small phase I study and showed some promise as a treatment for dementia in a small double-blind, placebo-controlled, crossover phase II trial, producing 7 to 8 points improvement on the Alzheimer's disease Assessment Scale -Cognitive (ADAS-Cog) as compared with controls after 8 weeks treatment, a 20% improvement over baseline [11] . However, a continuing concern about irreversible ChEIs is safety. Therefore, the purpose of the present studies was to explore further the pharmacokinetics, pharmacodynamics and safety of MSF in animal and human studies including a double-blind randomized escalating dose phase I study in healthy aged subjects.
Methods

Animal experiments
The animal studies were reviewed and approved by Institutional Animal Care and Use Committees and conform to the PHS Guide for the Care and Use of Animals.
Pharmacodynamic study Ten 6 month old female Sprague Dawley rats (mean weight 280 g) reared at U.T. El Paso to avoid uncontrolled exposure to pesticides were randomly divided into two groups of five. One group was injected i.p. with 0.3 mg kg -1 MSF (MTM Chemical Co., Blythewood, S.C., USA, diluted in peanut oil (USP/NF, Spectrum Chemical Mfg, Gardena, CA, USA) to 0.6 mg ml -1 ) and one group was injected with an equal volume of peanut oil alone three times per week for 3 weeks to simulate the proposed schedule of clinical use. At the end of the 3 weeks of treatment, the animals were sacrificed and samples of their tissues were removed, homogenized and assayed for AChE activity according to the method of Ellman et al. [12] as described in detail elsewhere [5] .
Pharmacokinetic study Male and female rats (5/sex) were dosed orally with 14 C-MSF (Moravek Biochemicals, Brea, California, USA, specific activity of 2.849 ¥ 10 8 Bq /mmol) in peanut oil. Blood samples (EDTA treated) were collected pre-dose and at 0.25, 0.5, 2, 4, 6, 12 and 24 h after dosing. A 200 ml aliquot of each sample was diluted in 3 ml of sterile water and counted by liquid scintillation.
Human study
The study was approved by the Ethik-Kommission der Ärz-tekammer Hamburg, the Bundesinstitut für Arzneimittel und Medizinprodukte (BfArM), the United States Food and Drug Administration, and registered at Clincialtrials.gov under protocol SNX-001-PH1-09/SCO5451.
The volunteers were healthy male and female volunteers aged > 50 years with physical and mental health confirmed by interview, medical history, physical examination, laboratory haematological tests and electrocardiogram (ECG) with body weight > 50 kg and <100 kg (body mass index between 18-30 kg m -2 ). Female volunteers had to be post-menopausal by at least 1 year, or surgically sterilized. Subjects needed to be capable of communicating with the investigator and giving signed informed consent.
Twenty-four subjects were initially randomized into three cohorts of eight. Six subjects in the first, second and third cohorts received 3.6 mg, 7.2 mg, or 10.8 mg MSF, respectively, and two subjects in each cohort received placebo in an ascending single dose and a multiple dose randomized, double-blind, placebo-controlled design.
After receiving a single dose followed by at least a 1 week washout, the subjects received the same dose three times per week for 2 weeks (no interval more than 72 h). Subjects who dropped out for other than AEs were replaced and the replacements underwent both the single and multiple dose phases. For this reason, a larger number of subjects (n = 27) than anticipated (n = 24) made up the single dose pharmacokinetic study population. The multiple dose part of the study was completed by only 22 subjects. The 27 volunteers included in the study were 11 males and 16 females, aged 50-72 years (mean of 60.6 years), recruited and screened from a total of 82 ( Table 1 ). The demographics of the subjects in each cohort are shown in Table 2 .
MSF (GMP, SAFC Pharma, Manchester, U.K.) was formulated in peanut oil (Alpex Pharma SA, Mezzovico, Switzerland) and packaged in vials that were calibrated to deliver exactly 3.6 mg MSF in a 2 ml volume. The contents of one, two, or three MSF-containing vials or an equal volume of peanut oil from identical appearing vials were put into a spoon and given orally to make MSF doses of 3.6 mg, 7.2 mg or 10.8 mg or the equivalent placebo, respectively, for cohorts 1, 2 and 3.
The pharmacokinetics (PK) of MSF were calculated according to standard non-compartmental methods. The data were statistically analyzed by Scope Life Science GmbH (Hamburg, Germany) to determine area under the time curve (AUC), mean residence time (MRT), maximum concentration (Cmax), time at which Cmax occurred (tmax), relative bioavailability (Frel), half-life (t1/2), total volume of distribution (Vd/F), total clearance (CLt/F), renal clearance (CLr), cumulative amount of MSF excreted in urine (SXu) and maximal excretion rate in urine (dXu/dtmax). MSF in plasma and urine was determined by liquid chromatography/ mass spectrometry (5.0-1000 ng ml -1 in plasma and 10.0-1000 ng ml -1 in urine).
Safety
In the single dose phase, AE questioning, vital signs, respiratory frequency and a 12-lead ECG were conducted at the time of drug administration and then at 1, 2, 4, 8, 12, 24, 36 and 48 h after drug. In the multiple dose phase, these same measurements were made at the time of drug Table 1 Allocation of patients (total assessed for eligibility = 82) The cohorts could not be balanced with respect to the ratio of male and female subjects due to randomizations. Both male subjects in cohort 1 (3.6 mg MSF) were randomized to receive placebo, making all the subjects receiving 3.6 mg MSF women only. Of the 27 subjects described above, 22 completed the study (see Figure 1 ). Safety laboratory analyses (haematology: erythrocytes, haemoglobin, haematocrit, WBC, differential count and platelet count, coagulation: Quick's value, PTT, biochemistry: total protein, glucose, alkaline phosphatase, uric acid, creatinine, AST, ALT, gGT, sodium, potassium, a-amylase, bilirubin, LDH, lipase and urea and urinalysis: Multistix®) were conducted at the time of drug administration and then 24 h later in the single dose phase. In the multiple dose phase, they were also conducted on days 5 and 10, before drug administration. In addition to measuring erythrocyte AChE inhibition to monitor dosing, the primary safety variables were AEs, vital signs, ECG evaluation, and clinical laboratory parameters listed above for the single dose phase.
A comprehensive motor examination was also conducted each morning from the first day of the single dose phase until 2 days after the final dose of the multiple dose phase. On dosing days, the examination was conducted before the drug was administered.
Spirometry (forced expiratory volume in 1 s, FEV1) was measured before each dose of MSF during the multiple dose phase.
A final examination was conducted 7 days after the last study drug administration (day 21), including a physical examination, a 12-lead ECG, vital signs, respiratory frequency, spirometry (FEV1 and vital capacity, VC), comprehensive motor examination, AE questioning, erythrocyte AChE assay and haematology and biochemistry as for subject inclusion to determine possible changes in the subject's state of health.
Atropine was available in case of a severe reaction.
Pharmacodynamics as measured in erythrocyte AChE
Erythrocyte AChE activity was assayed by a modified spectrophotometric method of Ellman et al. [12] according to the manufacturer's instructions from finger-prick samples as an ongoing assessment of dosing and to protect the subjects (QuantiChrom ® AChE assay kit, DACE-100, BioAssay Systems, Hayward, CA, USA). These samples were taken at the time of drug administration and then 4 and 24 h later in the single dose phase. In the multiple dose phase AChE was assayed at the time of drug administration on days 1, 3, 5, 8, 10 and 12 (drug days). AChE was also assayed 4 h after drug administration on days 1, 5, 10 and 12 and then again 12 and 24 h after the last dose of MSF given on day 12, the last dose in the multiple dose phase.
AChE levels for detailed pharmacodynamic (PD) analysis were also determined by the method of Ellman et al. [12] in frozen whole blood samples taken before the first dose of the multiple dose phase (day 1) and then again on day 12 before the last dose of the multiple dose phase, 4 h later and then again on day 21 (9 days after the last dose).
Statistical procedures
Descriptive statistics and regression analyses were used for pharmacokinetics, descriptive statistics and analyses of variance were used for pharmacodynamics, and descriptive statistics and frequency tables were used for safety analysis. In all cases P Յ 0.05 (two-tailed) was required for statistical significance. Post hoc tests were conducted with the Tukey HSD. Sample sizes used were consistent with other phase I studies, not upon statistical considerations of power for comparative inference.
Results
Animal experiments
The pharmacodynamics of AChE inhibition accumulated in rat peripheral vs. CNS tissue are shown in Figure 1 .
As expected, MSF treatment accumulated significant AChE inhibition as compared with control (F(1,8) = 212.000, P < 0.001), there were significant differences in the percent AChE inhibition in different tissues (F(3,24) = 15.910, P < 0.01), and there was a significant interaction between MSFinduced AChE inhibition and type of tissue (F(3,24) = 16.114, P < 0.01). Post hoc analyses showed that percent AChE inhibition in the brain was different from the peripheral tissues (P < 0.01) but there was no difference between peripheral tissues.
MSF produced the high level of CNS selectivity predicted by the difference between the half-times for de 
Figure 1
Accumulated AChE inhibition in four rat tissues: smooth muscle (ileum), skeletal muscle (pectoral), heart and brain. **Brain is more inhibited than peripheral tissues (P < 0.01) (Analysis of Variance) but peripheral tissues are not different from each other. Error bars show SEM novo synthesis of AChE in the various tissues. These results also showed that a three times per week dosing schedule, like that used in the phase I human study, was sufficient to produce highly favourable CNS selective AChE inhibition as predicted from the unique pharmacodynamics of an irreversible inhibitor.
The pharmacokinetics of 14 C-MSF and drug related products after a single oral dose in rats are shown in Figure 2A . The time-concentration profiles of MSF in rat blood showed maximum concentrations within 20 to 40 min after application. Thereafter the concentrations declined steadily, approaching baseline, over 24 h. There were no differences between males and females and the data were combined.
Human study
Safety No serious AEs were encountered in this study. In addition, there were no unexpected AEs or relevant changes in laboratory variables, cardiac, respiratory or motor function.
There were 53 AEs reported by 23 of the 27 subjects treated (MSF 18 out of 21, placebo five out of six). The number of AEs increased proportionally with the dose of MSF. The intensity of the AEs was rated as mild in 49 cases (MSF 44, placebo 5) and moderate (the highest degree of severity reached in the study) in four cases (all at the highest dose of MSF). All AEs were transient with complete recovery to normality. The most common AEs were headache, nausea, nasopharyngitis and diarrhoea (Table 3) .
Of the moderate AEs, one volunteer experienced 6 days of erysipelas beginning 9 days after the single dose of 10.8 mg MSF. The erysipelas was treated with medication and resolved completely. The other three moderate AEs were all experienced by one volunteer who had onset of intermittent depressive mood 2.5 h after 10.8 mg MSF in the single dose phase which continued for 27 days. The cessation of recurrent depressive moods on day 27 was followed 5 h later with the onset of a constant headache and intermittent confusion which lasted an additional 4 and 9 days, respectively. The headache was treated with medication but the intermittent depressive mood and confusion did not require medication. The AEs resolved completely. Neither patient experiencing the moderate AEs continued into the multidose phase.
Pharmacokinetics The time-concentration profiles of MSF in humans were highly similar after single and multiple dose applications with maximal concentrations reached 20 to 40 min after application. Thereafter the concentrations returned rapidly below the limit of quantification (LOQ). No accumulation was observed ( Figure 2B ).
The total extent of exposure in terms of the area under the time curve extrapolated to infinity (AUC(0,•)) after single dose application amounted to 255.5 ng ml -1 h, 364.1 ng ml -1 h and 590.6 ng ml -1 h (geometric means) for doses of 3.6, 7.2, and 10.8 mg MSF, respectively. These figures are similar to the AUCs within a multiple dose interval (steady-state, AUC(0,t,ss) = 191.1 ng ml -1 h, 381.2 ng ml -1 h and 588.6 ng ml -1 , respectively, for doses of 3.6, 7.2 and 10.8 mg MSF) indicating that no MSF metabolism was induced or inhibited after multiple dose application.
The dose dependency of AUC and Cmax after single and multiple dose applications were investigated by fitting the data to the power model ln AUC = alpha + beta ln(dose). The data indicated dose proportionality for AUC(0,t,ss) (beta = 1.01 with 95% CI = 0.73, 1.31) and for Cmax,ss (beta = 0.96 with 95% CI = 0.58, 1.35) at steady state but some deviation from dose proportionality for AUC(0,•) (beta = 0.73 with 95% CI = [0.53, 0.94] and for Cmax (beta = 0.69 with 95% CI = 0.38,1.00) in the single dose study. The direction of the deviation was lower than expected from fitting the AUC and Cmax to the power model.From the clinical point of view, the deviation from dose proportionality for the single dose study is not relevant. 
Figure 2
Elimination of drug-related material from rat blood after a single dose ( After single dose application the terminal elimination half-lives with geometric means of 2.84 h, 2.63 h and 2.79 h, respectively) appeared to be independent of dose. Considering the variability, the half-life after multiple dose application also did not appear to be dose related, although the geometric means decreased with increasing doses from 3.41 h to 3.06 h to 2.72 h, respectively.
Generally, the PK variables could be determined with a high precision in spite of the small sample size. There was no major deviation from dose proportionality of the dose-related PK variables AUC and Cmax. The clearance and terminal elimination half-life did not show a dose dependency.
Urine samples for the PK profile after single dose administration were taken 0-4, 4-8, 8-12, 12-24, 24-36 and 36-48 h after the single dose. Urine samples for the PK profile after the multiple dose phase were taken on day 12 at 0-4, 4-8, 8-12, 12-24, 24-36, 36-48 h after the last dose of the multiple dose phase. MSF excretion in urine was detectable up to 8 h after doses of 3.6 mg, until 12 h after 7.2 mg, and up to 24 h after the highest dose of 10.8 mg. A definite conclusion whether MSF excretion in urine was dose dependent was not possible. It was estimated that roughly 1% was excreted in urine which was not surprising given the poor long term stability of MSF in aqueous solution [13] . The vast majority of MSF probably underwent spontaneous hydrolysis to methanesulfonic acid within a few hours at Table 3 Number and percent of adverse events by organ system physiological pH (kw = 1 ¥ 10 -4 s -1 ) [13] . The absolute oral bioavailability could not be measured from the present study.
Pharmacodynamics As expected from an irreversible inhibitor, the accumulated AChE inhibiton in erythrocytes (half-life of 45 days) after multiple administration was not proportional to dose with 33.1%, 46.5% and 62.7% after multiple doses of 3.6 mg, 7.2 mg, and 10.8 mg, respectively ( Figure 3) .
The finger-stick method consistently showed 3-4% more AChE inhibition than obtained with the direct Ellman method but excellent overall correlation (r = +0.991).
Detailed analysis of the finger-stick samples gathered during the multiple dose phase showed a strictly proportional response to dose. Each increase of 3.6 mg in MSF dose produced a mean increment of about 6% inhibition of the remaining erythrocyte AChE activity present at the time each dose was given (6.6% Ϯ 0.2%, 11.5% Ϯ 1.2%, and 18.1% Ϯ 1.5% for 3.6 mg, 7.2 mg, and 10.8 mg doses, respectively, r = +0.998). Figure 1 shows that an irreversible ChEI with a short pharmacokinetic half-life can have widely varying effects in different tissues, depending on the rate of de novo synthesis in each tissue. In this case, MSF produced relatively short acting biological effects in peripheral tissues, and less accumulated AChE inhibition in peripheral tissues because of rapid de novo synthesis. Long-acting biological effects were observed in the CNS, with high accumulation, because of very slow de novo synthesis. The relatively slow de novo synthesis of AChE in the brain, compared with peripheral tissues, is the key advantage of an irreversible inhibitor such as MSF in the treatment of a CNS disorder.
Discussion
The PK of MSF in both humans and animals show that it is cleared from the blood rapidly and almost completely by 12 h in humans. The human data also show an orderly dose-dependent plasma concentration with no evidence of accumulation or change with repeated dosing. These data indicate that patients receiving MSF on a schedule of three doses per week would have limited direct exposure to the drug only on drug days and would be drug-free the remaining days of the week.
Although cerebrospinal fluid (CSF) may be useful in monitoring steady-state CNS AChE inhibition induced by competitive or pseudo-irreversible inhibitors, it is not suitable as a direct measure of MSF-induced CNS inhibition because the effects of an irreversible inhibitor do not depend on maintaining a steady-state concentration. Furthermore, the apparent inhibition is diluted out because of the high turnover rate of CSF. Human CSF AChE has a halftime of 2.21 (Ϯ1.22) days [14] , a period too short to be useful for measuring the accumulated inhibition that accrues from an irreversible inhibitor given every 2 to 3 days. However, 80% cortex AChE inhibition has been found by cortical biopsies in monkeys (M. fasicularis) 2.5 days after the last of 2 months of repeated high doses of MSF [5] , confirming a robust CNS AChE inhibition that has also been observed in rodents at more clinically relevant doses ( Figure 1 and [5, 15]) .
Furthermore, the finding of 80% AChE inhibition in the monkey brain 2.5 days after the last dose of MSF [5] suggests a minimum possible turnover rate of 8 days (if recovery had started from 100% inhibition). These same experiments showed that the turnover rate of monkey CSF AChE was 2.37 days, similar to that observed in humans, confirming that the turnover rate of CNS AChE is slower than CSF AChE.
A better, less invasive estimate of the CNS effect is obtained from measurements of AChE inhibition in erythrocytes if the difference in half-time for de novo synthesis in erythrocytes and brain is taken into account [11] . By modelling the timing of the doses, the percent inhibition produced by each dose, and the recovery of AChE activity from de novo synthesis between doses, reiterative computations can estimate the accumulation of AChE in the brain. They have correctly predicted the CNS accumulation of AChE inhibition in rats [15] . Based upon the above finger prick data showing that doses of 3.6 mg, 7.2 mg, and 10.8 mg produce 6.6%, 11.5%, and 18.1%, respectively, each time they are given, three times per week for 2 weeks against de novo synthesis of AChE with an estimated half-time of 12 days in the CNS, these calculations lead to an estimated accumulated AChE inhibition in the brain of 26%, 41% and 56% [16] . 
Figure 3
Accumulated AChE inhibition in human erythrocytes during the multiple dose phase (first 12 days) and recovery of activity to day 21.Note the small increase in AChE inhibition in the 4 h after the last MSF dose. Error bars show SEM. , 7.2 mg; , 3.6 mg; , 10.8 mg; , placebo
The highest MSF dose (10.8 mg) in the present study corresponds to the dose of 0.18 mg kg -1 (60 kg patient) used in an earlier phase II study [11] which found similar accumulated human erythrocyte AChE inhibition, adjusted for dosing for 2 months instead of 2 weeks. The AChE inhibition observed in the erythrocytes and estimated in the CNS for the highest dose in the present study seem to be at a therapeutic level insofar as similar inhibition was found in an earlier phase II trial that resulted in good clinical efficacy [11] .
It should be noted that, as expected, the estimated accumulated AChE inhibition in the brain is less than that measured in the erythrocytes. This is because the erythrocytes have a longer half-time for de novo AChE synthesis (estimated 45 days, determined by the appearance of new erythrocytes) than in the CNS (estimated 12 days). Therefore, the use of erythrocyte AChE inhibition to estimate AChE inhibition in the brain requires PD calculations that take into account the shorter half-time in the brain.
In summary, it appears that the cumulative effect of MSF may be adequately monitored by erythrocyte AChE inhibition and the finger prick method offers a suitable, minimally invasive method of assessing drug action on its molecular target.
The results of the present phase I study suggest that MSF is potentially suitable as a treatment for dementia of the Alzheimer's type. The dosing schedule of three times per week seems to be desirable for practical clinical use because it minimizes direct patient exposure to the drug in the blood. Also, erythrocyte AChE inhibition in the range of 33% to 67% appears to be well tolerated and, at the high end, correlated with good efficacy [11] .
As an irreversible inhibitor of AChE, MSF produces high levels of AChE inhibition in the brain by taking advantage of the very slow half-time for AChE de novo synthesis. This helps separate the therapeutic effect of MSF in the brain from the undesired peripheral cholinergic side effects that are commonly experienced with the currently available short-acting AChEIs which also may limit dosing to what can be tolerated by the patients. An irreversible AChE inhibitor such as MSF should produce more pronounced and longer lasting potentiation of central cholinergic function [17] , enhanced clinical efficacy, and a fuller exploration of the real potential of AChE inhibition for the treatment of memory deficits in both vascular [18] and degenerative forms of dementia [4, 11] .
